The formulation of chemically defined culture media that support primate embryo development would facilitate studies on primate preimplantation embryogenesis. The specific aims of this study were (i) to evaluate the development of macaque embryos in a simple, chemically defined, protein-free medium developed for a rodent embryo model, and (ii) to determine if a two-step progressive culture system could enhance blastocyst development and zona escape. In experiment 1, in-vitro-fertilized pronucleatestage embryos (n = 81) from nine monkeys were randomly allocated to one of three treatments: (a) hamster embryo culture medium-6 (HECM-6; chemically defined, proteinfree medium), (b) CMRL-BCS medium (modified CMRL-1066 medium containing 20% bovine calf serum; BCS), and (c) a two-step culture procedure (HECM-6 through to the 8-to 12-cell stage, and CMRL-BCS medium beyond that stage). Optimal development was attained equally (P > 0.05) with embryos cultured in CMRL-BCS medium or the two-step procedure (48 and 61% blastocysts respectively). HECM-6 alone supported development to the morula stage (72%) equally as well as CMRL-BCS medium (80%) or the two-step procedure (69%), but not to the blastocyst stage (22 versus 48 and 61 % respectively). Hatching of the blastocysts was essentially limited to the serum-containing media (CMRL-BCS medium, 31%; two-step procedure, 44%). In experiment 2, in-vitro-fertilized pronucleate-stage embryos (n = 87) from nine monkeys were randomly placed in each of four two-step treatments: (a) HECM-6 through to the 8-to 12-cell stage and CMRL-BCS medium beyond that stage, (b) HECM-6 through to the 8-to 12-cell stage and HECM-6-BCS beyond that stage, (c) HECM-6 through to the morula stage and CMRL-BCS medium beyond that stage, and (d) HECM-6 through to the morula stage and HECM-6-BCS beyond that stage. Greater (P «s 0.05) percentages of embryos developed into blastocysts, expanded blastocysts and hatched blastocysts when switched at the 8-to 12-cell versus the morula stage in the second step medium. When transferred into BCScontaining medium at either the 8-to 12-cell or morula stage, embryos underwent blastulation and expansion equally well in CMRL-BCS medium versus HECM-6-BCS. However, when embryos were switched to the second step medium at the 8-to 12-cell stage, hatched blastocysts 1690 were obtained more (P =s 0.05) frequently in CMRL-BCS medium (50.9%) than in HECM-6-BCS (37%). This work is the first to produce in-vitro-fertilized primate blastocysts cultured from the pronucleate stage in chemically defined, protein-free medium, and demonstrates that while primate embryos can form morulae in such a medium, their requirements for blastocoel formation and zona escape appear to be more demanding, and may be acquired as early as the 8-cell staggj
Introduction
Although many recent advances have been made in ovarian stimulation and in-vitro fertilization (IVF) in primates, embryo development in vitro remains inferior to that of most other species, and the implantation rate of in-vitro-fertilized human embryos following transfer remains at only ~10% per embryo (Winston et al, 1991; Amso and Shaw, 1993) . The causes of embryonic impairment in primates are poorly understood but may be due, in part, to inadequate embryo culture conditions. Modified CMRL-1066 medium containing serum (Boatman, 1987) has been used successfully to culture non-human primate embryos to the blastocyst stage (Pope et al., 1982; Boatman et al., 1986; Boatman, 1987; Enders et al., 1989; Wolf et al, 1989; Morgan et al, 1990; Schramm and Bavister, 1994; Zhang et al., 1994) . However, the formulation of chemically defined (protein-free) culture media that can support the development of in-vitro-fertilized pnmate embryos to the blastocyst stage would facilitate studies on the regulation of primate preimplantation embryogenesis. The examination of the regulatory roles of, for example, substrates, growth factors or hormones is confounded in the presence of serum or other sources (such as serum albumin) of biological factors that are undefined and variable. Our laboratory has developed a chemically defined, protein-free embryo culture medium (hamster embryo culture medium-6; HECM-6) that supports the development of high proportions of hamster (McKieman et al., 1995) 1-cell embryos into blastocysts. The ability of protein-or serum-free culture media to support the complete preimplantation development (zygote to blastocyst) of primate (human or non-human) embryos has not been reported.
While primate embryos may be competent to develop in simple chemically defined media through the early cleavage stages, they may have stage-specific requirements (Gardner and Sakkas, 1993) for more complex media containing glucose, protein and/or serum in order to undergo compaction, blastocoel formation and/or zona escape (Bavister, 1995) , as shown for cattle embryos (Pinyopummintr and Bavister, 1991) .
The specific aims of thus study were (i) to evaluate the developmental potential of macaque embryos in simple chemically defined, protein-free culture media, and (ii) to determine if a two-step progressive culture system (simple, chemically defined, protein-free medium through to the 8-cell or morula stage, followed by either the same medium containing serum or a complex medium containing serum) can enhance blastocoel development, expansion and zona escape.
Materials and methods

Animals, treatments and oocyU recovery
Rhesus monkeys (Macaca mulatto, aged 4-11 years, n = 18) received twice daily l.m. injections of purified porcine follicle stimulating hormone (FSH; Folltropin-V, Vetrepharm, Inc., London, Ontario, Canada; each containing FSH equivalent to 10 mg National Institutes of Health Reference Standard NIH-FSH-pl) for 8 days, beginning on days 1-3 of the menstrual cycle (day 1 = first day of menstruation; Schramm and Bavister, 1994) . The luteinizing hormone (LH) bioactivity of this preparation was equivalent to <0.09 u.g NIH-LH-S19/mg (0.09%). Ovaries were examined on day 8 or 9 by ultrasonography of the sedated (ketamine HC1) monkeys to evaluate their folhcular responses to gonadotrophin sumulauon. If the largest follicle was <6 mm in diameter, treatment was discontinued and another monkey was selected. Human chononic gonadotrophin (HCG; 2000 IU) was injected i.m on treatment day 9 for the induction of oocyte maturation. Oocytes were aspirated laparoscopically 29-31 h following the injection of HCG from follicles 5*3 mm in diameter, using a modified Renou device with a 20 gauge aspiration needle, into Tyrode's lactate (TL)-HEPES medium (37°C) containing 10 IU/ ml hepann (Bavister et al., 1983) Culture media TALP medium contained 3 mg/ml Fraction V bovine serum albumin (Sigma, St Louis, MO, USA; lot no. 39FO40805) CMRL-1066 medium (Gibco, Grand Island, NY, USA; lot no 330-1540AG) was modified as descnbed by Boatman (1987) , and contained 20% bovine calf serum (BCS; Hyclone Laboratories Inc., Logan, UT, USA; lot no A-2151 -D). This batch of serum supported blastocyst development from bovine in-vitro-fertihzed embryos (Pinyopummintr and Bavister, 1994) . HECM-6 was made by adding 11 amino acids to basic medium-3 (McKieman et al., 1995;  Table I) OocyU culture/IVF Oocytes were retrieved from aspirates and placed in fresh TL-HEPES within 2 h of aspiration In some cases, cumulus masses were treated with 0.1% hyalurorudase to facilitate the recovery of oocytes. Oocytes that appeared normal (non-vesiculated, round and medium to lightly pigmented) and did not contain an intact germinal vesicle (GV) were cultured for 2-6 h post-aspiration in 50 ul drops (three to five oocytes per drop) of CMRL-BCS medium under 3.5 ml saline-equilibrated sihcone oil at 37°C in a humidified atmosphere of 5% CO2 in air Prior to insemination, the remaining cumulus cells were partially dispersed, leaving the corona cells intact, and oocytes were examined for evidence of nuclear maturation Only oocytes that had extruded a first polar body (metaphase II) by 36 (n = 16 monkeys) or 40 h (n = 2 monkeys) post-HCG were inseminated Oocytes that did not contain an intact germinal vesicle, but had not extruded a polar body by 36 h post-HCG, remained in culture for an additional 12-14 h and were examined again for evidence of nuclear maturation before discarding. Semen was collected by penile electroejaculation, and sperm capacitation and IVF were performed as descnbed previously (Bavister et al, 1983 ) Bnefly, 20X10 6 washed motile spermatozoa/ml were resuspended in 2 ml TALP medium overlain with 2 ml sibcone oil. They were incubated at 37°C in 5% CO 2 and air for 4-10 h, and then incubated for an additional 1.5 h in the presence of 1.0 mM each of caffeine and dibutyryl cyclic AMP to induce hypcractivation (Boatman and Bavister, 1984) . Hyperactivated spermatozoa were then diluted in 100 ul drops (IX lO^/ml) of TALP medium containing 2% BCS and were co-incubated with metaphase II oocytes for 12-16 h at 37"C in a humidified atmosphere of 5% CO2 in air. Spermatozoa and the remaining cumulus cells were then removed manually by pipetting through a pulled glass pipette Oocytes were examined for evidence of fertilization
Embryo culture
Embryos with two pronuclei were randomly placed in 50 u.1 drops (one to three embryos per drop) of each culture treatment (see Culture media section), and cultured until either developmental arrest (no cleavage or change in appearance dunng the previous 24 h) or zona escape. Once embryos had attained the morula stage, they were permitted 72 h to cavitate. For experiment 1, treatments were (a) CMRL-BCS medium (control), (b) HECM-6 (chemically defined, protein-free medium) and (c) a two-step procedure (HECM-6 through to the 8-to 12-cell stage and CMRL-BCS medium beyond that stage) For experiment 2, treatments were (a) HECM-6 through to the 8-to 12-cell stage and CMRL-BCS medium beyond that stage (control), (b) HECM-6 through to the 8-to 12-cell stage and HECM-6-BCS beyond that stage, (c) HECM-6 through to the morula stage and CMRL-BCS medium beyond that stage, and (d) HECM-6 through to the morula stage and HECM-6-BCS beyond that stage. Embryos containing three or more pronuclei (polyspermic) were cultured separately in CMRL-BCS medium. Embryos were cultured for up to 10 7 days at 37°C in a humidified atmosphere of 5% COj, 5-7% O 2 and balance N 2 , and placed into fresh culture media every other day They were examined daily using Nomarski optics (X 200-400 magnification) on a Nikon Diaphot TMD microscope with a heated (37°C) environmental control chamber and a continuous flow of 5% CO 2 in air (Bavister, 1988) . Hamster embryo culture medium-6 (HECM-6) = chemically defined, protein-free medium, McKieman et al (1995) . CCMRL-BCS = modified CMRL-1066 medium + 20% bovine calf serum, Boatman (1987) . Two-step = HECM-6 through to the 8-to 12-cell stage, followed by CMRL-BCS beyond that stage '•^Different superscript letters within columns denote significant (P < 0 05) differences among treatment methods.
Following developmental arrest and/or zona escape, embryos were removed from culture, fixed in 1% formalin and stained with Hoechst 33342 for the determination of the nucleated cell number by fluorescence microscopy (Wankoo and Bavister, 1989 ) Over all, 19 expanded blastocysts were observed at 1-9 h intervals for an estimation of the time of zona escape Total cell counts were determined for 13 blastocysts that were fixed within 4 h of hatching.
Data analyses
Mean percentages for all the variables were calculated and compared using the general linear models procedure for a randomized block (experiment 1) or 2X2 factorial (experiment 2) design followed by a multiple comparison of least squares means (experiment 1) and/or orthogonal contrasts (experiment 2, Cody and Smith, 1991) Mean percentages were transformed for analyses using the Freeman Tukey transformation for low numbers of observations (Cody and Smith, 1991) , and were weighted by the total numbers of pronucleatestage embryos per monkey. Values with P « 0.05 were considered statistically different.
Results
A total of 362 oocytes not containing an intact GV were obtained from 18 hyperstimulated macaque monkeys (mean = 20.1). After 2-6 h of culture, 76% of the oocytes had completed nuclear maturation (metaphase II) by 36 h post-HCG and were inseminated. A mean of 88% of inseminated oocytes were fertilized (two or more pronuclei), and 11% of these contained three or more pronuclei (polyspermic). A total of 48 embryos were used for other studies. Thus, a total of 168 monospermic pronucleate-stage embryos were used in this study (experiment 1, n = 81; experiment 2, n = 87).
Experiment 1
The developmental capacities of in-vitro-fertilized pronucleatestage macaque embryos cultured in chemically denned, proteinfree and/or complex serum-containing culture media are presented in Table II . Development to the blastocyst stage was attained equally (P 5= 0.05) with embryos cultured in CMRL-BCS medium alone or the two-step procedure (48 and 61% blastocysts respectively). HECM-6 alone supported development to the morula stage (72%) equally as well as CMRL-BCS medium alone (80%) or the two-step procedure (69%), but not to the blastocyst stage (22 versus 48 and 61% respectively). Expanded and hatched blastocysts were obtained primarily only in serum-containing media (CMRL-BCS medium alone, 31%; two-step procedure, 44%; Table II ). Figure 1 illustrates a representative in-vitro-fertilized primate blastocyst cultured from the pronucleate stage in chemically denned, protein-free culture medium (HECM-6). There were no treatment differences in the proportion of blastocysts that expanded or hatched (Figure 2 ).
Experiment 2
The development of embryos to the 2-to 4-cell (100%), 5-to 8-cell (100%), 9-to 16-cell (88%) and morula (66%) stages was similar among the different treatment methods (results not shown). Markedly greater {P *£ 0 05) percentages of embryos developed into blastocysts, expanded blastocysts and hatched blastocysts when switched at the 8-to 12-cell versus the morula stage into a second step medium (Figure 3) . However, when expressed as a percentage of blastocysts, expansion and hatching were similar between embryos transferred into a second step medium at the 8-to 12-cell (95 and 74% respectively) and morula (100 and 75% respectively) stages (data not shown). The developmental potential of embryos transferred at the 8-to 12-cell or morula stage into CMRL-BCS medium versus HECM-BCS as a second step medium is shown in Figures 4 and 5 . When transferred into the second step medium at either the 8-to 12-cell (Figure 4 ) or the morula ( Figure 5 ) stage, embryos developed to the blastocyst and expanded blastocyst stages equally well in CMRL-BCS medium or HECM-BCS. However, if switched into the second step medium at the 8-12-cell (Figure 4) but not the morula ( Figure 5 ) stage, a greater (P == 0.05) percentage of embryos developed into hatched blastocysts in CMRL-BCS medium (50.9%) than in HECM-BCS (37%). Likewise, when expressed as a percentage of blastocysts, hatching tended (P = 0.07) to occur more frequently when transferred into CMRL-BCS medium (89%) than into HECM-BCS (58%) at the 8-to 12-cell but not the morula stage (data not shown). Two of 11 polyspermic embryos progressed to the blastocyst stage, and one hatched.
Over all the treatment methods, the mean time intervals Percentages of ln-vitro-fertibzed macaque blastocysts expanding and hatching in chemically defined and complex serumcontammg culture media. Hamster embryo culture medium-6 (HECM-6) = chemically defined, protein-free medium; n = 6 blastocysts CMRL-BCS medium = modified CMRL-1066 medium containing 20% bovine calf serum, n = 14 blastocysts Two-step = HECM-6 through to the 8-12-cell stage, followed by CMRL-BCS medium; n = 15 blastocysts) Percentages are general linear model means. There were no significant treatment differences.
required to develop to the blastocyst and hatched blastocyst stages were 159 ± 7 and 207 ± 7 h respectively The mean number of nucleated cells for hatched blastocysts (fixed within 4 h of hatching) was 369 ± 20 cells
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Figure 3. Development of ln-vitro-fertihzed pronucleate-stage (two pronuclei) macaque embryos to the blastocyst, expanded blastocyst (XBIastocyst) and hatched blastocyst (HBIastocyst) stages when transferred into a second step medium at the 8-12-cell (two-step-8, n = 40 embryos) versus early morula (two-step-mor, n = 47 embryos) stage All embryos were cultured in hamster embryo culture medium-6 (chemically defined, protein-free) for the first step. Values are percentages (general linear model means) of pronucleate-stage embryos progressing to or beyond each developmental stage Treatment differences (P < 0 05) within each developmental stage are denoted by asterisks
Discussion
The relative low proportions of human (Fehilly et al., 1985 Developmental Stage Figure 5 . Development of in-vitro fertilized pronucleate-stage (two pronuclei) macaque embryos to the blastocyst, expanded blastocyst (XBIastocyst) and hatched blastocyst (HBIastocyst) stages when transferred at the morula stage into HECM-6-BCS-mor (hamster embryo culture medium-6 containing 20% bovine calf serum; n -23 embryos) versus CMRL-BCS-mor medium (CMRL-1066 culture medium containing 20% bovine calf serum, n = 24 embryos). All embryos were cultured in HECM-6 (chemically defined, proteinfree) for the first step. Percentages are general linear model means. There were no significant treatment differences. Dokras et al, 1991; Van Blerkom, 1993) and rhesus monkey (Boatman et al, 1986 , Boatman, 1987 Wolf et al, 1989; Morgan et al., 1990; Zhang et al., 1994) in-vitro-fertilized embryos that reach the blastocyst stage in vitro and the 1694 poor implantation rate of morphologically normal-appearing blastocysts following transfer (Dawson et al., 1988; Bolton et al., 1991) indicate that the developmental competence of pnmate embryos may be compromised, in part, by suboptimal culture conditions dunng the early cleavage stages. Although culture media have been tested to some extent on 'spare' human embryos from infertile women (Fishel et al., 1984; Bolton et al., 1989 Bolton et al., , 1991 Lopata and Hay, 1989; MuggletonHarns etal., 1990; FitzGerald and DiMattina, 1992; Conaghan et al., 1993) , it is unknown if data obtained in these studies are representative of results that may be obtained using good quality embryos in randomized controlled studies. More importantly, there has been little or no effort to develop a chemically defined culture medium for primate embryos which would facilitate studies on the regulation of primate preunplantation embryogenesis (Bavister, 1995) . In this study, we have assessed the developmental capacity of in-vitro-fertilized primate embryos in a simple, chemically denned, protein-free culture medium, and have explored the use of a progressive or 'two-step' procedure (Bavister, 1995) for the culture of primate embryos. Oocytes were obtained following ovarian stimulation of macaques with punned porcine FSH, used previously to obtain GV-stage macaque oocytes (Schramm and Bavister, 1994) . Similar to results obtained in women (Jones et al., 1985; Diednch et al., 1988; Navot and Rosenwaks, 1988) , maturation, fertilization and the developmental competence of oocytes were not compromised when purified porcine FSH was used compared with pregnant mare's serum gonadotrophin (Bavister et al., 1983; Boatman et al., 1986; Boatman, 1987) or FSH/LH (Wolf et al., 1989) .
To our knowledge, this is the first report of in-vitro-fertilized pnmate (human or non-human) pronucleate-stage embryos developing to the blastocyst stage in a chemically denned, protein-free culture medium (Table I) . Lopata and Hay (1989) cultured human embryos to blastocysts in minimal essential medium, but embryos were cultured during the initial 42-46 h post-insemination in human tubal fluid medium (Quinn et al., 1985) containing serum. Caro and Trounson (1986) also cultured human embryos in protein-free medium, but only during the early cleavage stages. FitzGerald and DiMattina (1992) cultured human embryos to the blastocyst stage in semi-defined (contained bovine serum albumin) medium, CZB (Chatot et al., 1989) , but 10% serum was added, negating the defined nature of the medium. Nevertheless, in our study, serum was required for optimal embryo development after the 8-to 12-cell stage.
Relatively little cleavage arrest occurred pnor to the 5-to 8-cell stage, similar to previous findings for non-human (Boatman et al., 1986; Boatman, 1987; Wolfe/ al., 1989) and human (Hardy et al., 1989a (Hardy et al., ,b, 1993 Artley et al., 1992; Handyside, 1992) embryos. However, viability decreased substantially by the 9-to 15-cell and morula stages This may be because the onset of embryonic transcription (4-to 8-cell stage; Braude et al., 1988; Tesarik et al, 1988) may alter the embryo's requirements for continued development (Artley et al., 1992) or because uterine-stage embryos have different developmental requirements from oviductal-stage embryos (discussed in Bavister, 1995) The percentages of embryos achieving the blastocyst stage in CMRL-BCS medium alone (Table I) were similar to those reported previously for in-vitro-fertilized rhesus (Boatman et al., 1986; Boatman, 1987; Wolf et al., 1989; Morgan et al, 1990) and human (Fehilly et al, 1985; Dawson et al, 1988 , Hardy et ai, 1989a ,b, 1993 FitzGerald and DiMattma, 1992) embryos in serum-containing media.
Although embryos cultured in HECM-6 alone were as competent as those in CMRL-BCS medium to progress to the momla stage, they were less competent to reach the blastocyst stage (Table I) . However, if switched to CMRL-BCS medium at the 8-to 12-cell stage, embryos cultured initially in HECM-6 were as competent to develop into blastocysts and to hatch as those cultured continuously in CMRL-BCS medium (Table  I ). In contrast, embryos transferred into serum-containing medium at the early morula stage were severely compromised in their capacity to develop into blastocysts (Figure 3 ). These results indicate that (I) neither protein nor serum are required for macaque embryo development through the early cleavage stages in vitro, confirming earlier reports on human embryos (M6n6zo et al., 1984; Lopata and Hay, 1989) , (ii) while development to the blastocyst stage is not compromised by culture of the embryos in protein-free medium through the first three cleavage divisions, culture through the early morula stage in protein-free medium is detrimental to further development, and (in) the developmental requirements of embryos for blastulation and zona escape are probably acquired as early as the 8-cell stage. Interestingly, although glucose and pyruvate are utilized by cleavage-stage human embryos in vitro (Hardy et al., 1989b; Leese et al., 1993) , our results indicate that nonhuman primate embryos may not require either of these energy sources (not present in HECM-6) to progress to the morula stage. However, both glucose (Hardy et al., 1989b; Conaghan et al, 1993) and pyruvate Leese et al, 1993) may be essential for primate embryos to blastulate. Thus, a succession of culture media may prove most successful for development to the blastocyst stage Leese, 1986, 1990) . Because the addition of 20% serum to HECM-6 supported development equally well as CMRL-BCS medium for embryos transferred into a second step medium at the 8-12-cell stage (experiment 2), it is likely that embryos require some components) of serum to develop into blastocysts, similar to that reported for bovine embryos (Pinyopummintr and Bavister, 1994) .
While only 25% of blastocysts cultured in HECM-6 alone escaped their zonae, the incidence of hatching was 3-fold greater for blastocysts cultured in the two-step procedure (77%; experiment 1), indicating that serum or protein may be required for hatching, as reported previously for macaque blastocysts produced in vivo (Seshagiri and Hearn, 1992) . However, HECM-BCS did not support hatching as well as CMRL-BCS medium (experiment 2), indicating that CMRL medium may contain some factor(s) not present in serum, or a least not present in a high enough concentration at 20% Vitamins, particularly inositol, pantothenate and choline, all of which are present in CMRL-1066 medium, enhance hatching in hamster (Kane and Bavister, 1988) and human (Lopata and Hay, 1989) embryos. However, the development of embryos in CMRL medium without serum has not been studied Although there were no treatment differences in the proportions of blastocysts hatching, 63-77% of blastocysts cultured in CMRL-BCS medium (alone and the two-step procedure) escaped their zonae pellucidae, nearly twice the numbers reported for human blastocysts cultured in serum-containing medium (10-40%; Fehilly et al., 1985; Hardy et al, 1989a , Dokras et al, 1991 Muggleton-Harris and Findlay, 1991; FitzGerald and DiMattina, 1992) . This result was similar to that reported for macaque blastocysts produced in vivo and then cultured in vitro in serum-contairung medium (90%; Seshagin and Hearn, 1993) . Although the mechanism of hatching has not been elucidated, 'zona hardening' may prevent hatching in protein-free medium (Cohen et al., 1990) . Hatching, however, may be an in-vitro artefact (Gonzales and Bavister, 1995) , and its relevance to normal development or adequacy of the culture medium is unknown.
Blastulation and hatching occurred during days 5-8 and 7-10 respectively, similar to the timing reported previously for macaque embryos produced in vitro (Boatman et al, 1986 , Boatman, 1987 Morgan et al., 1990; Schramm and Bavister, 1994) and in vivo (Goodeaux et al., 1990; Seshagiri and Hearn, 1992, 1993; , but perhaps slightly later than human embryos produced in vitro (Hardy et al., 1989a,b; Dokras et al, 1991; Winston et al., 1991; Handyside, 1992; Van Blerkom, 1993) and in vivo (Buster et al., 1985) . Cell numbers of hatched blastocysts (fixed within 4 h of hatching) were in the ranges reported previously for macaque blastocysts produced in vitro (Schramm and Bavister, 1994; Zhang et al., 1994) and in vivo (Enders et al., 1989; Seshagiri and Hearn, 1992, 1993) and for human embryos produced in vitro (Hardy et al, 1989a,b; Handyside, 1992; Winston et al., 1991; Van Blerkom, 1993) .
In our study, two out of 11 polyspermic embryos developed to the blastocyst stage, and one of them hatched. Similar findings have been reported for human embryos (Hardy et al, 1989b; Dokras et al, 1991) , indicating that blastocyst formation does not necessarily provide an unambiguous indication of developmental normality (Winston et al, 1991 , Van Blerkom, 1993 .
In conclusion, we have shown that in-vitro-fertilized primate embryos develop readily to the morula stage, and some can reach the blastocyst stage, in simple, chemically defined, protein-free culture medium. While development to the blastocyst stage is not compromised by culture of embryos in proteinfree medium through to the 8-to 12-cell stage, further culture in protein-free medium to the early morula stage is detrimental to further development. Thus, the developmental requirements of macaque embryos for blastulation and hatching are likely to be acquired between the 8-cell and early morula stages, and primate embryos may benefit from progressive exposure to a succession of culture media. Further studies are indicated to define specific components for chemically defined culture media that will support good blastocyst development of in-vitro-fertihzed pnmate embryos, thus facilitating studies on the epigenetic regulation of embryogenesis which will probably lead to improvements in the success of human FVF and embryo transfer
